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Abstract
Background:

Exercise training (ET) has neuroprotective effects in the hippocampus, a key brain region for memory
that is vulnerable to age-related dysfunction.

Objective:

We investigated the effects of ET on functional connectivity (FC) of the hippocampus in older adults
with mild cognitive impairment (MCI) and a cognitively normal (CN) control group. We also assessed
whether the ET-induced changes in hippocampal FC (Δhippocampal-FC) are associated with changes in
memory task performance (Δmemory performance).

Methods:

32 older adults (77.0±7.6 years; 16 MCI and 16 CN) participated in the present study. Cardiorespiratory
fitness tests, memory tasks (Rey Auditory Verbal Learning Test (RAVLT) and Logical Memory Test (LM)),
and resting-state fMRI were administered before and after a 12-week walking ET intervention. We
utilized a seed-based correlation analysis using the bilateral anterior and posterior hippocampi
as priori seed regions of interest. The associations of residualized ET-induced Δhippocampal-FC and
Δmemory performance were assessed using linear regression.

Results:

There were significant improvements in RAVLT Trial 1 and LM test performance after ET across
participants. At baseline, MCI, compared to CN, demonstrated significantly lower posterior
hippocampal FC. ET was associated with increased hippocampal FC across groups. Greater ET-related
anterior and posterior hippocampal FC with right posterior cingulate were associated with improved
LM recognition performance in MCI participants.

Conclusion:

Our findings indicate that hippocampal FC is significantly increased following 12-weeks of ET in older
adults and, moreover, suggest that increased hippocampal FC may reflect neural network plasticity
associated with ET-related improvements in memory performance in individuals diagnosed with MCI.

Keywords:

Exercise training, functional connectivity, hippocampus, memory, mild cognitive impairment, older
adults

INTRODUCTION

Memory decline is one of the most common hallmarks of age-related cognitive impairment [1]. Agerelated memory decline is closely linked to deteriorated hippocampal function, a brain region
important for memory and significantly impacted by the pathological aging processes [2]. Indeed,
volume atrophy [3], reduced resting blood flow [4], impaired synaptic plasticity [5], and mitochondrial
dysfunction [6] have been observed in the aging hippocampus of humans and rodents. Severe memory
deficits and compromised hippocampal function are key aspects of the clinical symptomatology of mild
cognitive impairment (MCI), a prodromal stage of dementia characterized by memory loss in the
absence of impairment in activities of independent daily living [7]. Hippocampal structural and
functional deterioration (e.g., atrophy, neuronal cell loss, reduced synaptic density) [8] and associated
memory deficits [9] are also pronounced in MCI. Given that 16 million American older adults are
currently living with MCI [10] and MCI is a major risk factor for developing Alzheimer’s disease (AD)
[11], identifying effective and accessible interventions to address this public health concern is of
paramount significance.
Aerobic exercise training (ET) is a prime candidate for treating the aging brain due to its wellestablished neuroprotective effects [12]. These effects are particularly evident in the hippocampus and
memory tasks, as evidenced by increased anterior hippocampal volume and concomitantly enhanced
spatial memory performance in healthy older adults after a 6-month ET [13]. Animal models delineate
that ET improves learning during the Morris water maze task, a task highly dependent on spatial
navigation that is mediated by the hippocampus, by promoting hippocampal neurogenesis (i.e., growth
of new neurons) [14]. However, the demonstration of hippocampal neuroplasticity in individuals
diagnosed with MCI has not been widely reported. Nagamatsu et al. (2013) observed improvements in
spatial and verbal memory performance following a 6-month ET in MCI [15]. Meanwhile, older women
with MCI who engaged in a 6-month aerobic ET maintained hippocampal volume compared to
hippocampal volume loss in those who completed a balance and toning (BAT) intervention [16]. Taken
together, these findings prompt the hypothesis that improvements in memory performance after ET in
individuals diagnosed with MCI may involve alterations in network connectivity rather than volumetric
growth of the hippocampus.
There is recent evidence in healthy older adults that ET alters the hippocampal functional connectivity
network. Based on the coherence of functional magnetic resonance imaging (fMRI) blood oxygenation
level-dependent (BOLD) signals [17], resting-state functional connectivity (FC) analysis is a non-invasive
approach to understand the patterns of functional interaction between spatially remote brain regions
[18]. Using a whole-brain correlation analysis with bilateral hippocampus as seed regions of interest, a
12-week Tai Chi intervention found a training-induced increase in hippocampal FC with regions in the
medial prefrontal cortex in older adults, and a corresponding improvement in memory performance
[19]. In a cross-sectional study of healthy younger adults (ages 20–38) that employed a whole-brain
analysis (bilateral anterior and posterior hippocampal seeds), greater cardiorespiratory fitness
(measured by V˙O2max) was associated with stronger FC between the bilateral anterior hippocampus
and multiple brain regions including prefrontal and temporal cortical regions [20].
While there is evidence for ET-related alterations in hippocampal connectivity in healthy younger and
older adults, it has not been conclusively established whether aerobic ET alters hippocampal functional

networks in older adults diagnosed with MCI. A demonstration of ET-related hippocampal FC changes
in MCI that co-occur with improvement in hippocampal-dependent task performance would provide
evidence for hippocampal network plasticity and would have implications toward neuroprotective
interventions in MCI. To address these gaps in the literature, we tested the effects of a 12-week
walking intervention on hippocampal FC in cognitively normal (CN; control group) older adults and
older adults diagnosed with MCI. In addition to the hippocampal seed region of interest, a bilateral
amygdala seed, a nearby subcortical gray matter region in the medial temporal lobe, was included to
test for the specificity of these effects. We also examined associations between changes in
hippocampal FC and changes in memory performance after ET. Based on prior findings that
demonstrated increased hippocampal FC using a whole-brain analysis (with hippocampal seeds) [19,
20] and our previous finding of ET-related increased compensatory response in neural networks in MCI
[21], we hypothesized that ET would increase FC of the hippocampus both in CN older adults and those
diagnosed with MCI. Secondly, we hypothesized that ET-related increases in hippocampal FC would be
associated with improved memory performance in CN older adults and those diagnosed with MCI.
Lastly, we hypothesized that ET would confer greater hippocampal FC and memory improvements in
MCI compared to CN.

METHODS
Participants

Thirty-five community-dwelling older adults (17 MCI and 18 healthy older adults; ages 60–88)
participated in this study. We used local newspaper advertisements, in-person informational sessions
at local retirement communities, and physician referrals to recruit participants. Interested individuals
were screened using a structured telephone interview to determine preliminary eligibility, including
exclusionary health conditions and MRI contraindications. Final eligibility was determined after
participants underwent a neurological assessment. Written consent form and physician approval for
participating in moderate-intensity ET were obtained from qualified participants. This study was
approved by the Institutional Review Board of the Medical College of Wisconsin in accordance with the
Helsinki Declaration.

Inclusion and exclusion criteria

Physically inactive older individuals who engage in moderate-intensity physical activity less than 3
days/week for the past 6 months (self-reported) were included to the study. We previously reported a
detailed description about the eligibility criteria and recruitment in the present study [22]. Briefly,
individuals were considered ineligible if they reported: 1) neurological or cerebrovascular conditions
(e.g., Parkinson’s disease, Huntington’s disease, multiple sclerosis, epilepsy, carotid artery disease, and
brain tumor); 2) untreated Axis I psychiatric disturbance meeting DSM-IV Axis I criteria, severe
depressive symptoms, and substance abuse; 3) history of cardiovascular disease or brain injury (e.g.,
stroke); 4) MR contraindications (e.g., metal implants, pacemakers, and a history of claustrophobia); 5)
left-handedness (i.e., < 50 of laterality quotient [23]); 6) history of ischemic attack; 7) > 15 score on the
30-item Geriatric Depression Scale (GDS) [24] or relatively impaired activities of daily living [25].

Neurocognitive testing

Each participant’s cognitive status was evaluated by a team of clinical investigators who made
determinations based on the core clinical criteria for the diagnosis of MCI by National Institute of
Aging-Alzheimer’s Association criteria for diagnosis of MCI [26]. The following criteria were utilized to
define MCI: 1) subjective cognition-related concerns; 2) impaired cognition (≥1 cognitive domain); 3)
preserved activities of daily living; 4) absence of dementia. Further examination was followed on
individuals with probable MCI by a neurologist to exclude other possible causes of cognitive decline. All
participants completed a full neuropsychological battery that assessed episodic memory, executive
function, and processing speed.

Memory tasks

As part of a larger neuropsychological test battery, participants completed the Rey Auditory Verbal
Memory Test (RAVLT) and Logical Memory (LM) subtest of the Wechsler Memory Scale-III before and
following a 12-week ET. The tests were administered between 7 AM and 11 AM. The average
difference between the last day of ET intervention and post-intervention test across all participants
was 5.3±3.9 days. The RAVLT is designed to assess aspects of both short-term memory and delayed
recall [27]. During the five separate trials, an examiner reads a list of 15 unrelated words to the
participant and asks them to repeat as many of these words as possible. After the fifth trial, an
interference-list of 15 other words were read to the participants. After recall of the interference list,
participants were asked to again spontaneously recall the original words (immediate recall). Finally,
after a 20 min delay period, participants were instructed to spontaneously recall the original words
(delayed recall). Including the delay period, the test lasted approximately 45 min. The primary
interpretive indices of the RAVLT were the number of words recalled at Trial 1, the total number of
words recalled across Trials 1–5, immediate recall, delayed recall, and the number of correct responses
in the recognition test. Alternate forms of the RAVLT were counterbalanced at the before and after ET
sessions to minimize possible learning effects across participants.
The LM test is designed to assess verbal episodic memory for narratives [28]. Participants heard two
short stories and were asked to immediately and completely recall them. Recall was tested again after
a 30 min delay, followed by a yes/no recognition test of the story details (15 questions per narrative).
The number of correct responses during the immediate recall, delayed recall, and recognition were
used for the present study.

Cardiorespiratory fitness test

All subjects performed a modified submaximal stress test to measure aerobic fitness before and after
the 12-week exercise intervention. We utilized a modified Balke-Ware protocol (initial exercise
speed = 3.2 km/h at 0° grade and grade increase 1°/min) on a General Electric (GE) motorized treadmill
(Milwaukee, WI). Based on breath-by-breath calculations of the oxygen (O2) and carbon dioxide (CO2)
content in expired air, measures of ventilation, rate of oxygen (VO2) consumption, rate of carbon
dioxide (VCO2) production, and the respiratory exchange ratio (RER; VCO2/VO2) were obtained using a
15-sec rolling average on a calibrated metabolic measurement system (Parvo Medics, Salt Lake City,
UT). We recorded VO2 up to 85%of HRR, and these data were used to estimate VO2peak [29]. To monitor
subjective effort, we utilized the Borg rating of perceived exertion (RPE) scale [30], which was
measured every min. Heart rate (HR) and blood pressure were measured every 2 min during the test.

Heart rate reserve (HRR) was determined based on age-predicted maximal heart rate and resting heart
rate measured while seated prior to the exercise test. The test was terminated upon reaching 85%of
the participant’s maximal HRR or upon observation of absolute exercise contraindications (e.g., raise in
diastolic blood pressure > 110 mmHg), or participant’s request to stop the test.

Exercise intervention

The study participants underwent a 12-week treadmill walking intervention (44 total sessions). All
exercise sessions were supervised by a certified personal trainer or exercise physiologist. No more than
two individuals participated in each exercise session. Each walking exercise session lasted for 30 min
and was administered 4 sessions/week in local recreation centers. To assess exercise intensity, HR
monitor (Polar Electro, Kempele, Finland) and RPE scale [30] were used during exercise, with the goal
of achieving a moderate intensity during each session. The exercise session intensity, session duration,
and weekly frequency were gradually increased during the first 4 weeks until participants were walking
30 min per session (4 sessions/week). During the 5–12 weeks, the exercise intensity was targeted at
50–60%of HRR and exercise duration was 30 min. To tailor exercise intensity for each participant, the
treadmill speed and grade were modified each session based on HR and RPE based on individual
baseline exercise capacity. A 10 min warm-up and 10 min cool-down consisted of light walking and
flexibility exercise were administered before and after each session. Thus, total exercise session length
was 50 min including warm-up and cool-down.

MRI acquisition

All MRI data were acquired on a 3.0 Tesla GE (Waukesha, WI) MR scanner. A high-resolution T1weighted anatomical image was acquired for co-registration with the following sequence parameters:
3D Spoiled Gradient Recalled at steady state protocol (SPGR), field of view (FOV) = 240 mm, voxel
size = 0.94×0.94×1.00 mm, number of excitations (NEX) = 1, slice thickness = 1 mm, repetition time
(TR) = 9.6 ms, echo time (TE) = 3.9 ms, inversion recovery preparation time = 450 ms, flip angle = 12°,
resolution = 256×224, and sequence duration = 6 min. The resting state BOLD data were acquired using
the following sequence parameters: gradient echo planar images, FOV = 240 mm, NEX = 1 mm, slice
thickness = 1.0 mm, TR/TE = 2000/25 ms, axial slices = 36, flip angle = 77°, resolution = 64×64, and
sequence duration = 6 min. During the resting state scan, participants were instructed to remain still
and to keep their eyes on a fixation cross projected in the screen.

Structural and functional MRI data processing

The T1-weighted anatomical volumes were processed using FreeSurfer’s (version 5.3.0) automated
processing stream (recon-all) to generate cortical and subcortical reconstructions based on tissuespecific intensities and atlas probabilities [31]. Next, the first three volumes of the functional image
time-series were manually removed to minimize magnetization disequilibrium using Analysis of
Functional NeuroImage’s [32] (AFNI, v.17.2.10) 3dTcat function. The truncated time-series were
realigned using Slice-Oriented Motion Correction (SLOMOCO) which uses both in- and out-of-plane
motion parameters to correct for misalignment between consecutive slices [33]. The motion-corrected
functional volumes were then co-registered to FreeSurfer-rendered anatomical images using AFNI’s
align_epi_anat function and were visually inspected for proper alignment. The co-registered timeseries were then entered into AFNI’s single-subject preprocessing stream (proc.py). Volumes
containing outlier fraction threshold (> 10%) were censored from the time-series. The remaining

volumes were despiked (3dDespike) to attenuate high-intensity transients within the BOLD signal and
time-shifted to the beginning of the TR (3dTshift). Image volumes were also censored if their framewise displacement was greater than 0.2 mm to reduce the spurious effects of head motion. The
anatomical image and anatomical followers (FreeSurfer-processed gray matter, white matter, and
ventricular segmentations) were warped to the standard space (AFNI’s MNI152_T1_2009c template)
using non-linear transformation (3dQwarp). To further reduce physiological noise, nuisance
physiological artifacts (e.g., motion derivatives and signals from ventricles and white matter) were
eroded. The resolution of the resulting transformation matrix had a grid spacing of 2×2×2 mm3 and was
used in the subsequent connectivity analyses. The effects of head movement did not confound the
subsequent fMRI data interpretation because there was no difference in the percentage of censored
TRs between the before (0.86±0.27%) and after ET scans (0.94±0.34%) (p = 0.122).

Hippocampal functional connectivity analysis

We utilized a seed-based correlation analysis using the bilateral anterior and posterior hippocampi
as priori seed regions of interest, based on prior works documenting stronger ET-related associations
with the anterior part of the hippocampus relative to posterior regions [13, 20]. To accomplish this, left
and right hippocampal masks were extracted from each participant’s anatomical follower (Freesurferprocessed subcortical segmentation) that was warped to the standard MNI space [31]. Each of the
hippocampal masks was then split into anterior and posterior parts based on the center of gravity of
the region (Fig. 1). The bilateral anterior and posterior hippocampi masks were then combined using
AFNI’s 3dcalc function, respectively, and were used as primary seeds of interest. We also evaluated the
effects of ET on the bilateral whole hippocampus using not divided hippocampal masks. Left and right
amygdalar masks were also extracted from the anatomical follower, combined to create bilateral
amygdalar mask using the 3dcalc function, and was used as control seed to test the specificity of ETrelated FC changes. The final segmentations for each seed were visually inspected for quality
assurance. The average signal time series were then extracted from each seed region and were crosscorrelated with all voxels in the brain to isolate a brain FC map. These maps were created for each
participant and each experimental time point (e.g., before and after ET). Finally, using a Fisher’s r-to-z
transformation, correlation coefficients were standardized for group-level analysis.

Fig. 1 Location of the anterior (A) and posterior (B) seed regions. The seed masks are exhibited on a
representative subject’s structural image.

Gray matter voxel-wise group analysis

We created the whole-brain gray matter mask using FreeSurfer segmentation for each participant.
White matter and ventricle segmentations were excluded. The gray matter mask was merged across
participants for a group-level mask. Subject-level z-scored correlation maps were submitted to AFNI’s
linear mixed effects model (3dLME) to measure 1) changes in the anterior and posterior hippocampal
connectivity from before to after ET (i.e., main effects of Time); 2) differences between groups (MCI
versus CN; main effects of Group); and 3) the Group×Time interaction. AFNI’s cluster-size threshold
computation program (3dClustSim) was used to control the whole brain family-wise error rate (FWER)
at p < 0.05 based on a voxel-wise probability threshold of p < 0.001 and minimum cluster size of k≥41
(328 mm3).

Hippocampal volume assessment

We assessed the hippocampal volume to examine whether ET-related changes in hippocampal FC
occurred independent of those in hippocampal volume. The FreeSurfer-defined volumes of the
hippocampus were calculated based on FreeSurfer’s anatomical segmentation algorithm (recon-all)
[31]. Subsequently, each participant’s hippocampal volume was expressed relative to total intracranial
volume (ICV) which was also calculated from the FreeSurfer algorithm. This adjustment was based on

previous investigations that identified significant sex-related differences in ICV [34, 35]. Therefore, we
used bilateral hippocampal volume/TIV as a measurement of hippocampal volume and computed the
correlation between the ET-related changes hippocampal FC and baseline/ET-induced changes in
hippocampal volume, respectively.

Statistical analysis

After determining normality using the Shapiro-Wilk test, the baseline demographic differences
between groups (MCI versus CN) were analyzed using independent sample t-tests (or Wilcoxon signedrank tests) or Fisher’s exact test. Normality of memory test performances was also tested using the
Shapiro-Wilk test. Repeated measures ANOVA were used to compute the main effects of Time (i.e.,
before versus after ET), Group (i.e., MCI versus CN), and Group×Time interaction on the RAVLT and the
LM performances. The association between ET-induced changes in memory performance (Δmemory
performance) and hippocampal FC (Δhippocampal-FC) was then examined. To assess this, average zscored connectivity within the anterior and posterior hippocampi, respectively, were extracted from
subject-level correlation maps. We then used multivariable linear regression. Prior to this test, we
conducted bivariate correlation tests to evaluate relationships between demographic characteristics
(age, sex, education) and variables of interest (Δmemory performance and Δhippocampal-FC) in MCI
group. Significant correlation between age and some memory task performances (RAVLT Trial 1, Trial
1-5, immediate recall) were found in CN; thus, the correlation analyses were not adjusted for in the
MCI group and age was controlled for in CN group.
Residualized FC and memory task performance were independently derived from linear regression
models predicting post-intervention from baseline values. The residualized change scores were used to
minimize both practice effects and regression to the mean [36, 37]. Next, residualized hippocampal FC
and residualized memory performance were included as the independent and dependent variables,
respectively. Lastly, we performed a post-hoc analysis to assess the interaction between Group (MCI
versus CN) and residualized hippocampal-FC on residualized memory performance. The significant
associations between residualized hippocampal-FC and residualized memory performance found from
the prior linear regression results were included. To assess the Group×Hippocampal FC on memory
task performance, the average z-scored connectivity within the anterior and posterior hippocampi that
displayed a significant correlation between ET-related changes in hippocampal FC and memory
performance were extracted from subject-level correlation maps of CN participants. Next, ANCOVA
was used, with Group and Δhippocampal-FC as independent variables, and Δmemory performance as a
dependent variable. The Group×Δhippocampal-FC interaction term was added into the statistical
model. Statistical significance was determined at alpha = 0.05. All statistical tests were conducted using
SPSS (v. 26.0, IBM, Armonk, NY).

RESULTS
Demographic characteristics

Of the 407 older adults who responded to study recruitment and advertisement, 92 signed the
informed consent and underwent neurological examination, 39 individuals started the exercise
program, and 35 individuals completed the entire study protocol. Of the 35 participants, 3 individuals
(1 MCI and 2 CN) were excluded due to missing fMRI data. The remaining 32 participants were included

in the present analyses (16 MCI and 16 CN). Among the 16 MCI participants, 6 were amnestic (i.e.,
impairment in the memory domain). Our past investigation reported complete information about the
recruitment and enrollment [22]. Participants had an average age of 77 years and education of 15.8
years. 71%were women and there were 12 apolipoprotein E epsilon 4 allele (APOE ɛ4) carriers. The
MCI and CN groups did not significantly differ in the baseline demographic characteristics including
age, sex, education, number of APOE ɛ4 carriers, V·O2peak, GDS (missing data 1 MCI and 1CN), Mattis
Dementia Rating Scale-2 (DRS-2), and Lawton Instrumental Activities of Daily Living
(IADL). Table 1 displays demographics, cardiorespiratory fitness, depression, activities of daily living,
and cognitive data for all participants.

Table 1 Demographic information for study participants

Demographics

Cardiorespiratory Fitness
Depression
Cognitive Function
Activities of Daily Living

Age (y)
Female (n,%)
Education (y)
APOE ɛ4 Carriers (n,%)

Total Sample (n = 32) MCI (n = 16) CN (n = 16) Group Differences
Mean±SD
Mean±SD
Mean±SD p
77.0±7.6
23 (71.8%)
15.8±2.2
12 (37.5%)

78.8±7.6
10 (43.5%)
15.0±2.1
6 (37.5%)

75.3±7.4
0.194
13 (56.5%) 0.220F
16.6±2.0
0.128
6 (37.5%)

Baseline V˙O2peak (ml/kg/min) 19.0±4.3

18.5±4.1

19.6±2.0

0.444

Baseline GDS

4.4±3.1

5.6±3.6

3.1±1.8

0.056

Baseline DRS-2

35.7±1.3

35.3±1.6

36.1±0.7

0.079

Bassline Lawton ADL

4.7±0.4

4.6±0.4

4.7±0.4

0.780

MCI, mild cognitive impairment; CN, normal cognition control; F, Fisher’s Exact Test; APOE ɛ4, apolipoprotein E epsilon 4 allele; V · O2peak,peak rate of
oxygen consumption; GDS, Geriatric Depression Scale; DRS-2, Mattis Dementia Rating Scale-2; ADL, Activities of Daily Living.

Aerobic fitness and memory task performance

V˙O2peak was significantly increased from before to after ET across participants (missing data 2 CN and 1 MCI) [F(1,27) = 8.632, p = 0.007,
η2p = 0.242]. There were significant main effects of time, with consistent improvement in the RAVLT Trial 1 [F(1,30) = 5.742, p = 0.023,
η2p = 0.161], LM immediate recall [F(1,30) = 9.938, p = 0.004, η2p = 0.249], LM delayed recall [F(1,30) = 5.956, p = 0.021, η2p = 0.166], and LM
recognition [F(1,30) = 8.741, p = 0.006, η2p = 0.226] after ET. Conversely, there were no significant differences between before and after ET in
the RAVLT Trial 1–5 [F(1,30) = 2.148, p = 0.153, η2p = 0.067], RAVLT immediate recall [F(1,30) = 0.931, p = 0.342, η2p = 0.030], RAVLT delayed
recall [F(1,30) = 0.631, p = 0.433, η2p = 0.021], and RAVLT recognition [F(1,30) = 0.018, p = 0.893, η2p = 0.001] (see Table 2).
Table 2 Memory tasks outcome data for study participants
Total
Sample
(n = 32)
Before
Mean±SD

MCI (n = 16)
After
Mean±SD

Before
Mean±SD

CN (n = 16)
After
Mean±SD

Before
Mean±SD

After
Mean±SD

Time

Group

Group×Tim
e

p (η2p)

p (η2p)

p (η2p)

Cardiorespirator
y Fitness

RAVLT

Logical Memory
Test

V˙O2peak (ml/kg/min
)

19.28±4.42

21.04±3.72

18.93±4.18

21.34±3.42

19.61±4.76

20.76±4.07

0.007
(0.242
)

0.890
(0.002)

0.305
(0.039)

Trial 1

4.91±2.06

5.72±1.92

4.56±1.96

5.75±2.11

5.25±2.17

5.69±1.77

0.621
(0.008)

0.278
(0.039)

Trial 1–5
Immediate Recall

43.31±13.3
4
8.59±4.47

45.44±14.7
4
9.00±4.22

38.06±13.0
3
6.63±4.01

41.50±15.6
5
7.81±4.65

48.56±11.8
0
10.56±4.11

49.38±13.0
8
10.19±3.50

0.023
(0.161
)
0.153
(0.067)
0.342
(0.030)

0.373
(0.027)
0.073
(0.103)

Delayed Recall

8.28±4.60

8.72±4.55

6.50±4.30

7.31±4.77

10.06±4.31

10.13±3.98

0.433
(0.021)

Recognition

12.48±2.86

12.55±2.12

12.31±2.27

12.50±1.46

12.67±3.45

12.60±2.72

0.893
(0.001)

0.052
(0.120)
0.030
(0.148
)
0.034
(0.141
)
0.780
(0.003)

Immediate Recall

35.81±12.9
8

39.19±13.1
7

30.56±13.5
7

34.75±15.6
0

41.06±10.2
6

43.63±8.56

21.28±9.91

23.53±10.2
8

17.87±9.89

19.62±10.4
6

24.69±8.97

27.44±8.76

Recognition

24.47±3.23

25.59±3.36

23.06±3.13

24.31±3.21

25.88±2.75

26.88±3.09

0.029
(0.149
)
0.032
(0.145
)
0.012
(0.191
)

0.454
(0.019)

Delayed Recall

0.004
(0.249
)
0.021
(0.166
)
0.006
(0.226
)

0.501
(0.015)
0.777
(0.003)

0.592
(0.010)
0.745
(0.004)

MCI, mild cognitive impairment; CN, normal cognition control; V· O2peak,peak rate of oxygen consumption; p-values and effect size (η2p) reflect the Time
and Group×Time effects from repeated measures ANOVA; Bold indicates p < 0.05.

There were significant main effects of Group on the RAVLT immediate recall [F(1,30) = 5.201, p = 0.030,
η2p = 0.148], RAVLT delayed recall [F(1,30) = 4.924, p = 0.034, η2p = 0.141], LM immediate recall
[F(1,30) = 5.270, p = 0.029, η2p = 0.149], LM delayed recall [F(1,30) = 5.070, p = 0.032, η2p = 0.145], and LM
recognition [F(1,30) = 7.070, p = 0.012, η2p = 0.191]. These results consistently showed better memory
performance in CN compared to MCI. There were no significant differences between CN and MCI in the
RAVLT Trial 1 [F(1,30) = 0.249, p = 0.621, η2p = 0.008], RAVLT Trial 1–5 [F(1,30) = 4.105, p = 0.052,
η2p = 0.120], and RAVLT recognition [F(1,30) = 0.079, p = 0.780, η2p = 0.003] (see Table 2).
No significant Group×Time interactions were found, including the RAVLT Trial 1
[F(1,30) = 1.223, p = 0.278, η2p = 0.039], RAVLT Trial 1–5 [F(1,30) = 0.819, p = 0.373, η2p = 0.027], RAVLT
immediate recall [F(1,30) = 3.443, p = 0.073, η2p = 0.103], RAVLT delayed recall [F(1,30) = 0.463, p = 0.501,
η2p = 0.015], RAVLT recognition [F(1,30) = 0.082, p = 0.777, η2p = 0.003], LM immediate recall
[F(1,30) = 0.576, p = 0.454, η2p = 0.019], LM delayed recall [F(1,30) = 0.294, p = 0.592, η2p = 0.010], and LM
recognition [F(1,30) = 0.108, p = 0.745, η2p = 0.004] (see Table 2).

Voxel-wise hippocampal FC

We detected no significant changes in hippocampal FC from before to after ET across all participants.
Additionally, there were no significant Group×Time interaction effects. However, when the CN and MCI
groups were analyzed separately, there was a significant increase in FC between the anterior
hippocampi and right posterior cingulate (MNI 3 –47 15 [LPI], BA 29, 384 mm3) in MCI participants after
ET compared to before ET (Fig. 2A). No significant ET-induced changes in the anterior hippocampi FC
were found in CN. There was also increased FC between the posterior hippocampi and regions within
the right posterior cingulate (MNI 9 –43 19 [LPI], BA 30, 448 mm3) (Fig. 2B) in MCI individuals after ET
relative to before ET. In CN, increased FC was detected between the posterior hippocampi and regions
within the left cuneus (MNI –11 –75 19 [LPI], BA 18, 384 mm3) (Fig. 3A) and left precuneus (MNI –15 –
79 49 [LPI], BA 7, 336 mm3) after ET compared to before ET (Fig. 3B). Lastly, compared to CN, MCI
showed significantly lower FC between the posterior hippocampi and left posterior
cingulate/precuneus (MNI –7 –51 35 [LPI], 600 mm3) at baseline. We observed a similar FC pattern
utilizing the bilateral whole hippocampal seed in MCI. In MCI, there was significantly greater FC
between whole bilateral hippocampus and bilateral posterior cingulate (MNI 1 –47 17 [LPI], BA 30,
648 mm3) and right middle temporal gyrus (MNI 51 –65 1 [LPI], 725 mm3). There were no significant
bilateral whole hippocampal FC results in CN. Lastly, no significant effects of Time, Group, Group×Time,
and within-group were found in amygdalar FC.

Fig. 2 Increased functional connectivity between (A) the anterior hippocampal seed and (B) the posterior

hippocampal seed and region within the right posterior cingulate, respectively, were found from before to after
ET in individuals with MCI. Adjacent bar graphs indicate the connectivity between each hippocampal seed and
right posterior cingulate (±SEM) for before and after ET. p-values above bar graphs indicate statistical difference
from before to after ET.

Fig. 3 Increased functional connectivity between posterior hippocampal seed and (A) left cuneus and (B) left

precuneus, respectively, were found from before to after ET in CN individuals. Adjacent bar graphs indicate the
connectivity between each hippocampal seed and right posterior cingulate (±SEM) for before and after ET. pvalues above bar graphs indicate statistical difference from before to after ET.

Hippocampal volume

There were no significant changes in volume of the bilateral hippocampus/TIV across participants from
before (0.0044±0.0007) to after ET (0.0042 ±0.0007) (p = 0.287, η2p = 0.043). Also, there were no
significant main effect of Group (p = 0.089, η2p = 0.107; MCI before ET: 0.0041±0.0008, MCI after ET:
0.0040±0.0007, CN before ET: 0.00046±0.0005, CN after ET: 0.0044±0.0006) or Group×Time effects
(p = 0.439, η2p = 0.023). We also found no significant associations between the Δhippocampal FC
(significant results shown in Figs. 2 and 3) and baseline (all p-values≥0.188) and ET-induced changes
(all p-values≥0.143) in hippocampal volume in both MCI and CN. As there were no ET-related changes,
hippocampal volume was not included as a covariate when we assessed the association between
Δhippocampal volume and Δmemory performance.

Associations between changes in hippocampal FC and memory performance

In MCI, the Δanterior hippocampus-right posterior cingulate connectivity explained 38.3%of ΔLM
recognition [R = 0.619, R2 = 0.383, p = 0.014, 95%CI 3.844, 28.330] (Fig. 4A) and the Δposterior
hippocampus-right posterior cingulate connectivity explained 37.6%of ΔLM recognition [R = 0.613,
R2 = 0.376, p = 0.015, 95%CI 3.344, 25.971] (Fig. 4B). Furthermore, the Δbilateral whole hippocampusbilateral posterior cingulate connectivity (Supplementary Figure 1A) explained 27.4%of ΔLM
recognition [R = 0.650, R2 = 0.422, p = 0.009, 95%CI 4.676, 26.597] (Supplementary Figure 1B) in MCI.
Conversely, in CN, neither Δposterior hippocampus-left cuneus connectivity [R = 0.091,

R2 = 0.008, p = 0.748, 95%CI –19.807, 14.591], nor Δposterior hippocampus-left precuneus connectivity
[R = 0.051, R2 = 0.003, p = 0.857, 95%CI –17.389, 20.614] were associated with ΔLM recognition. In
addition, none of the significant association between Δposterior hippocampal-FC and other memory
task performance was found in both MCI and CN (p≥0.214).

Fig. 4 Positive associations of residualized changes in anterior hippocampal-FC (anterior hippocampus and right
posterior cingulate; Fig. 2A) and residualized changes in logical memory recognition performance in MCI

individuals (A). There was also a positive correlation between of residualized changes in posterior hippocampalFC (posterior hippocampus and right posterior cingulate; Fig. 2B) and residualized changes in logical memory
recognition performance in MCI individuals (B). Dotted curves indicate confidence interval around the mean. CI,
95%confidence interval; BI, bilateral; ANT, anterior; POST, posterior; HIP, hippocampal; R, right; PC, posterior
cingulate.

Group (MCI versus CN) interaction on the association between hippocampal FC and LM
recognition

While there was no significant interaction between Group and Δanterior hippocampal-FC (with right
posterior cingulate) on ΔLM recognition [F(1,28) = 1.842, p = 0.186, η2p = 0.068], the interaction between
Δposterior hippocampal-FC (with right posterior cingulate) on ΔLM recognition
[F(1,28) = 3.438, p = 0.075, η2p = 0.116] approached the borderline of significance.

DISCUSSION

The present study examined the effects of a 12-week walking ET intervention on hippocampal FC and
its association with learning and recognition memory task performance in CN older adults and older
adults diagnosed with MCI. The walking exercise intervention evoked a 10.5%increase in
cardiorespiratory fitness (V˙O2peak) across participants. Consistent with our hypotheses, a 12-week ET
intervention led to increased hippocampal FC in older adults. Notably, there were no correlations
between ET-related changes in hippocampal FC and baseline hippocampal volume or ET-related
changes in hippocampal volume. Thus, the changes in hippocampal FC occurred independent of
possible (yet undetectable) changes in hippocampal volume, suggesting that these effects of ET were
specific to the functional connections and extended network of the hippocampus. Furthermore, the
lack of significant changes in amygdalar FC in response to ET suggests that hippocampal networks may
be particularly sensitive to the effects of chronic exercise. While increased hippocampal FC following
ET was specific to the posterior hippocampal seeds in cognitively asymptomatic individuals, both
anterior and posterior hippocampal FC were enhanced in MCI participants. In MCI, the ET-induced
increase in hippocampal FC was associated with significantly enhanced recognition during the LM test.
In contrast, there were no significant relationships between ET-elicited changes in hippocampal FC and
hippocampal-dependent task performance in CN older adults.
The ET-induced increase in hippocampal FC we observed in older adults contrasts with a prior finding
that reported no significant changes in hippocampal FC following 6 months of aerobic exercise
compared to a stretching and toning control group in healthy older adults. However, in their posthoc analysis using a BOLD signal fluctuations approach, there was an association between ET-induced
improvements in cardiorespiratory fitness and decreased hippocampal FC across participants [38].
Conversely, there was no significant relationship between ET-related changes in V˙O2peak and
hippocampal FC (CN, p = 0.435; MCI, p = 0.392; data not presented) in the present study. Differences in
the directionality of hippocampal FC between Flodin et al. (2017) [38] and the current study might
arise from discrepancies in the analytic approach (BOLD time series fluctuation versus whole-brain),
study design (intervention duration; exercise mode), and participant characteristics (without versus
with MCI participants). Although it may suggest a shift in attentional allocation, negative FC between
brain regions is typically difficult to interpret [20], particularly when these changes were not related to
behavior. Flodin et al. (2017) [38] lacked associations between connectivity and cognitive performance,
which clouds the interpretation of the functional meaning of their fitness-related associations with
changes in hippocampal FC, and so direct comparison to the present results is difficult.
Regarding connectivity-cognition associations, our results are consistent with those of a prior study
that assessed the effects of a 12-week Tai Chi Chuan and Badunjin practice on the hippocampal
functional network and its association with memory function using Wechsler Memory Scale-Chinese
Version in older adults (ages 50–70) [19]. Results showed that Tai Chi practice significantly enhanced
FC between bilateral hippocampus and medial prefrontal gyrus, which was significantly associated with
a corresponding improvement in memory. Key differences between Tao et al. (2016) [39] and the
present study include exercise mode (mind-body versus aerobic exercise), selection of hippocampal
seeds (whole versus anterior/posterior hippocampus), and cognitive status of the sample (without
versus with MCI individuals). These differences in study design and analytic methods may be

responsible for disparities in the brain regions showing increased FC with hippocampus. Despite these
differences, both studies are consistent in the finding that ET increased hippocampal FC, which was
also related to enhanced memory performance in older adults.
It is notable that there were no significant hippocampal volume changes in the MCI individuals, which
is consistent with the exercise training literature in MCI. It is also plausible to hypothesize that
increased hippocampal connectivity may co-occur with other protective effects associated with
maintenance of the structural integrity in the hippocampus among cognitively healthy older adults and
those diagnosed with MCI. Nonetheless, the significant alterations in hippocampal FC observed
following 12 weeks of ET implies that functional changes in the hippocampus, and with its extended
functional network, may occur in the absence of measurable volumetric alterations. The lack of
association between baseline hippocampal volume and change in hippocampal connectivity in both
MCI and CN groups further suggests that ET-related plasticity in hippocampal functional networks may
occur independently of disease-related atrophy. However, these hypotheses are speculative due to our
small sample size, relatively short intervention period, and lack of measures of brain amyloid and tau.
Hence, future studies need to robustly test this hypothesis by employing a large sample size, a longer
intervention period (e.g., 6 months or 12 months), and including estimates of AD pathology.
Prior human investigations suggested that the salutary effects on hippocampal volume elicited by
greater cardiorespiratory fitness appeared to be specific to the anterior relative to the posterior region
[13, 40]. Using a functional connectivity approach in the present study, we found that both anterior
and posterior hippocampal FC were increased in MCI, and only markedly enhanced posterior
hippocampal FC was found in the CN group. This extends previous exercise neuroimaging studies by
suggesting that ET-induced effects on the hippocampus may not be confined to the anterior region, but
posterior hippocampus may also play an important role in ET-modulated improvement in episodic
memory performance. There is evidence supporting the connection between the posterior
hippocampus and the default mode network (DMN) that included anterior/posterior cingulate and
precuneus, and its close relevance to episodic memory retrieval [41]. In support, our previous
investigation using the same sample showed increased connectivity between the DMN (the posterior
cingulate/precuneus as a seed region) and right parahippocampal gyrus after the 12-week walking
intervention compared to baseline, whereas connectivity with the DMN was not altered in the CN
participants [21]. In line with these prior works, the brain regions showing increased FC with
hippocampus in the current study were centered on primary hub regions of the DMN (e.g., posterior
cingulate and precuneus). These associations between recognition memory performance
improvements and increased connectivity between the posterior cingulate/precuneus and both
anterior and posterior hippocampal subregions in the MCI participants further substantiate recent
perspectives regarding the roles of anterior and posterior hippocampal connections to memory
networks [42, 43].
In the present study, the increased FC between anterior/posterior hippocampus and right posterior
cingulate was related to improved LM recognition in MCI. Performing the LM test requires memoryencoding, storage, and recall procedure and the test is considered as an effective measurement to
assess episodic memory [44]. The LM test is also sensitive to detect cognitive decline [45], is able to
identify subtle alterations in memory, and predicts conversion to AD in MCI [46]. Enhanced LM

performances after exercise intervention in this study indicates that ET not only delays the expected
cognitive decline, but also results in cognitive improvements in individuals diagnosed with MCI.
Although speculative, the fact that the significant associations between hippocampal FC and
recognition memory performance were observed in MCI implicates ET-induced increases in
hippocampal FC as an underlying neurophysiological mechanism that may drive ET-related
enhancement in memory among older individuals with MCI, presumed to be on the AD continuum.
Conversely, there were no associations between the hippocampal FC and learning and recognition
memory performance in the CN group, indicating that cognitively intact controls may have different
neurophysiological mechanism in the ET-related memory improvements compared to their MCI
counterparts.
Group differences (MCI versus CN) were shown both in hippocampal FC and memory performance in
our study. As expected, the CN group consistently outperformed the MCI group in neuropsychological
testing, including recall and recognition memory performance (e.g., RAVLT immediate and delayed
recall, and LM immediate recall, delayed recall, and recognition). At baseline, there was also
significantly lower FC between posterior hippocampus and left posterior cingulate/precuneus in MCI
compared to CN. Our results concur with previous evidence demonstrating poorer memory
performance [47] and disrupted hippocampal FC [48] in MCI compared to CN older adults. Yet, despite
the baseline disparities in hippocampal function and memory performance between CN and MCI, ET
was equally beneficial in both groups’ hippocampal FC and hippocampal-dependent task performance.
Viewed from this perspective, regular participation in walking exercise may counteract age- and ADrelated hippocampal deficits, even among older adults who have experienced cognitive decline.
Importantly, the ET-related brain health improvements in individuals with MCI are corroborated by our
prior investigations (using the same sample analyzed in the present study) that demonstrated an
increased DMN [21] and cerebellar FC [49], enhanced neural efficiency during a semantic memory task
[22], positive associations between changes in fitness and changes in cortical thickness [50], and
reduced cerebral blood flow that corresponded to improvement in phonemic fluency task performance
[51] after ET.

Potential mechanisms

ET is associated with enhancing mitochondrial function in the hippocampal regions, which is
instrumental for synaptogenesis (i.e., growth of new synapses) and dendritic complexity [52]. Chronic
exercise therefore promotes synaptic strength or long-term potentiation (LTP), one of the key cellar
mechanisms that underlies learning and memory [53] and the effects of ET on synaptic strengthening is
particularly evident in the dentate gyrus, a hippocampal subregion [54]. These ET-related adaptations
seem to facilitate construction of a stronger neural scaffolding [55], engendering resilient capacity
within the neural networks to withstand age- or pathology-related brain dysfunction [56–59]. A
common characteristic of normal aging and AD pathology progression is an adaptive compensatory
response through increased neural activation (i.e., recruitment of additional neural resources) [55].
While the compensatory response may be a considered harbinger of eventual cognitive decline, it is
also indicative of a dynamic adaption to maintain function in the face of both normal aging and ADrelated pathology [21]. Indeed, aging brains that exhibited more extended compensatory responses
maintained cognitive function for a longer period [60, 61].

Based on these neurophysiological mechanisms, we surmise that ET-related hippocampal adaptations,
if they indeed occur in individuals diagnosed with MCI, were exhibited through greater connectivity of
the hippocampus, a brain region preferentially targeted in AD-related neurodegenerative processes
[62]. Corroborating this hypothesis, our results revealed that increased connectivity following ET
appeared primarily between the hippocampus and the DMN whose key regions include posterior
cingulate and precuneus [63]. Given that both hippocampus and DMN are susceptible to AD pathology
(e.g., processes associated with amyloid accumulation and/or retention) [64] and have been reported
to manifest compensatory brain activation in response to AD-related neural pathology [21, 61], the
greater connectivity observed between the hippocampus and posterior cingulate/precuneus in the
present study is likely to reflect beneficial compensatory responses induced by ET.
Moreover, the pattern of stronger hippocampal connectivity and improved hippocampal-dependent
task performance shown in MCI individuals after ET is a marked contrast to MCI patients who typically
experience AD-related loss of hippocampal connectivity [65] and progressive memory impairment [47].
It may be that regular participation in exercise plays a protective role in reversing, or stabilizing, the
expected trend of disrupted connectivity and memory loss in MCI. Thus, the increased hippocampal
compensatory response in both MCI and CN older adults after a 12-week walking intervention may
delineate maintained or improved neuronal and cognitive functions, which were also evidenced by
enhanced memory performance after ET. However, this hypothesis should be further explored as we
did not measure other AD biomarkers, such as beta-amyloid load or other indices of neurological
damage, such as phosphorylated tau.

Strengths and limitations

One of the major strengths of the present study was the well-attended (compliance rate of ∼96%) and
well-supervised intervention, which contributed to successfully increasing cardiorespiratory fitness in
response to ET (10.5%increase in V˙O2peak). Next, older adults with an objective diagnosis of MCI, who
have been understudied in the aging and exercise neuroscience literature, were included. Additionally,
to preclude the vulnerability to noise and likelihood of cluster-level false positive rate, we used a
stringent voxel-wise probability threshold (p < 0.001) in compliance with the current fMRI thresholding
recommendations [66].
Despite these strengths, the present study is subject to the limitation of lacking a non-exercise (or
active) control group, warranting some caution in interpreting the results until they can be replicated
in a larger randomized controlled trial. Nevertheless, our findings are consistent with additional effects
we have observed in this study sample [51] and our results are in line with well-documented effects of
ET on the hippocampus [67]. Because LM does not have alternate forms, some improvement due to a
practice effect might be expected. Nevertheless, we used residualized change scores, which adjusts for
influences of baseline performance, practice effects and regression to the mean [37, 68, 69]. Thus, the
cognitive improvement in our sample may exceed what could be expected with repeated test
administration. Furthermore, group differences would not be expected due to practice effects because
both groups experienced the same task conditions. Indeed, improvement in memory performance
after ET among individual diagnosed with MCI reflects a meaningful change. Achieving cognitive
stability in older adults diagnosed with MCI is more often a sign of treatment success in exercise [70],
cognitive training [71], and pharmacologic interventions [72]. Furthermore, the improvements in

memory performance in MCI corresponded to the changes in hippocampal FC, adding support for the
hypothesis that ET may impact memory-related neural networks. Of note, the consistency of the
magnitude and direction of the cognition-connectivity association in the MCI group gives some
confidence that these findings were not merely spurious. Hence, our results are not likely to simply
reflect passage of time or other nonspecific intervention effects. The present study is also limited by a
relatively small sample size (n = 32) and homogeneous characteristics of participants (e.g., most of the
participants were women (71%) and highly educated (15.8 years of education)) and so may not be
generalizable to the entire older adult population. Lastly, using a 12-week intervention, we may have
missed potential effects that could manifest after a longer exercise intervention (e.g., 6–12 months).
Yet, our data suggest ET-related effects on hippocampal connectivity and cognition may emerge within
three months, and thus it may be useful for longer interventions to sample more than just before and
after the intervention in order to document the time course of these effects.

CONCLUSION

In summary, 12 weeks of regular walking ET improved the RAVLT and LM test performance in older
adults with both intact and impaired cognition. The FC increase between posterior hippocampus and
brain regions in the DMN may be an important determinant of the ET-induced enhancements in
recognition memory among older adults diagnosed with MCI. ET-related adaptations may have
induced increased neural synchronization in the hippocampal network and led to the creation of a
stronger neural scaffolding and a greater compensatory response. The ET-related increase in
hippocampal FC occurred independent of initial hippocampal volume or changes in hippocampal
volume, suggesting that effects induced by a 12-week walking ET were specific to the functional
network of the hippocampus. In addition, as there were no significant changes in amygdalar FC, the
hippocampus was the region preferentially and specifically affected by chronic exercise in the medial
temporal lobe. The current findings also extend the existing literature by elucidating that ET-related
salutary effects on the hippocampus may not be confined to the anterior region, as connectivity with
the posterior hippocampus was associated with an enhancement in ET-related episodic memory
performance. As a final point, the older adults diagnosed with MCI who participated in this study
remained cognitively impaired relative to the cognitively normal participants at the conclusion of the
study. Even so, these findings provide additional evidence that a lifestyle intervention as simple as
moderate-intensity walking may generate neural network plasticity that impacts memory performance
in older adults facing a diagnosis of MCI due to AD.
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